Journal  of  Power  Sources  268  (2014)  634-639 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


Electrochemical  performance  and  stability  of  lanthanum  strontium 
cobalt  ferrite  oxygen  electrode  with  gadolinia  doped  ceria  barrier 
layer  for  reversible  solid  oxide  fuel  cell 

Hui  Fan  •  ,  Michael  Keane  \  Prabhakar  Singh b,  Minfang  Han  * 

a  Union  Research  Center  of  Fuel  Cell,  School  of  Chemical  &  Environment  Engineering,  China  University  of  Mining  &  Technology,  Beijing  100083,  China 
b  University  of  Connecticut,  Center  for  Clean  Energy  Engineering,  44  Weaver  Rd.,  Storrs,  CT  06269-5233,  United  States 


CrossMark 


HIGHLIGHTS 


•  An  LSCF  oxygen  electrode  was  prepared  for  RSOFCs  with  a  GDC  barrier  layer. 

•  The  barrier  layer  has  a  honeycomb-like  structure. 

•  Repeated  discharge/charge  cycles  of  the  cell  were  investigated. 

•  Delamination  of  the  barrier  layer  from  the  YSZ  electrolyte  induces  cell  degradation. 
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A  La0.6Sr0.4Coo.2Feo.803_5  (LSCF)  oxygen  electrode  and  a  Gdo.iCe0.902-,5  (GDC)  barrier  layer  are  prepared 
for  a  reversible  solid  oxide  fuel  cell  (RSOFC).  Scanning  electron  microscopy  (SEM)  analysis  shows  that  the 
GDC  barrier  layer  has  a  honeycomb-like  structure  and  maintains  good  adhesion  with  yttria-stabilized 
zirconia  (YSZ)  electrolyte  and  LSCF  oxygen  electrode.  Polarization  curves  and  electrochemical  imped¬ 
ance  spectra  for  both  fuel  cell  and  steam  electrolysis  modes  are  investigated.  Repeated  fuel  cell/steam 
electrolysis  cycles  operated  at  300  mA  cm-2  and  800  °C  shows  the  cell  has  higher  degradation  under 
steam  electrolysis  mode  than  under  fuel  cell  mode.  Cell  degradation  in  electrolysis  mode  is  attributed  to 
delamination  of  the  GDC  barrier  layer  from  the  YSZ  electrolyte,  which  has  been  observed  during  post-test 
SEM  analysis. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  gas  as  a  clean  fuel  has  attracted  extensive  attention 
due  to  limited  fossil  fuel  sources,  increased  oil  prices,  and  envi¬ 
ronmental  considerations.  However,  its  production  and  storage  is 
one  of  the  major  concerns.  A  reversible  solid  oxide  fuel  cell  (RSOFC) 
is  an  electrochemical  device  capable  of  both  generating  electricity 
from  fuel  (SOFC)  and  generating  fuel  from  electrolysis  of  steam  and 
CO2  (solid  oxide  electrolysis  cell,  SOEC).  RSOFCs  have  attracted 
increased  interest  in  the  development  of  environmentally  friendly 
methods  of  energy  storage  and  electricity  generation  [1-3].  A  va¬ 
riety  of  power  sources  such  as  nuclear  power,  wind  power,  solar 
energy,  and  waste  heat  from  high  temperature  industrial  process 
can  be  used  for  high  temperature  electrolysis  process  (SOEC  mode) 
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to  produce  hydrogen  gas,  which  is  subsequently  stored  and  used  in 
SOFCs  to  generate  electricity  and  heat  (SOFC  mode)  [4,5]. 

For  SOFCs,  yttria  stabilized  zirconia  (YSZ)  and  nickel— YSZ  (Ni— 
YSZ)  are  the  most  widely  used  electrolyte  and  anode  materials, 
respectively.  The  YSZ  and  Ni-YSZ  materials  can  also  be  employed  in 
SOECs,  exhibiting  good  electrochemical  performance  and  stability 
[6,7].  The  perovskite  material  LSM  (lanthanum  strontium  manga- 
nite)  used  as  an  oxygen  electrode  is  subject  to  delamination  from 
the  electrolyte,  causing  performance  degradation  and  cell  failure  in 
SOECs  [8-10].  Therefore,  it  is  essential  to  develop  materials  for 
oxygen  electrodes  with  high  electrochemical  performance  and 
stability  for  both  SOFCs  and  SOECs. 

Oxygen  electrode  materials  with  high  activity  for  oxygen 
reduction  have  been  developed.  Mixed  ionic  electronic  conduction 
(MIEC)  oxides  have  been  studied  based  on  thermodynamics  and 
experiments,  to  simultaneously  provide  high  electronic  and  ionic 
conductivity  and  high  oxygen  electrochemical  reduction  activity. 
Among  the  materials,  Co-based  perovskite  materials  could  have 
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potential  for  oxygen  electrode  in  SOECs,  but  they  suffer  from  the 
drawback  of  reaction  with  YSZ  electrolyte  at  high  temperature 
(>1000  °C)  to  form  secondary  phases  such  as  La2Zr207  and  SrZr03 
[11,12].  By  applying  a  thin  barrier  layer  of  another  electrolyte  ma¬ 
terial,  such  as  GDC  (gadolinia  doped  ceria)  [13,14],  SDC  (samaria 
doped  ceria)  [2,15],  or  YDC  (yttria  doped  ceria)  [16-18],  the  inter¬ 
facial  reaction  between  YSZ  electrolyte  and  Co-based  perovskite 
oxygen  electrode  can  be  inhibited  [19].  Among  the  barrier  mate¬ 
rials,  GDC  presents  the  highest  ionic  conductivity. 

Lai_xSrxCoi_yFey03  provides  rapid  surface  exchange  kinetics, 
high  oxygen  vacancy  concentration,  and  mixed  conductivity,  and  is 
widely  used  as  a  cathode  material  in  SOFCs.  LSCF  electrodes  have 
been  explored  to  yield  low-current  interfacial  resistance  values  that 
are  a  factor  of  10  lower  than  for  (La,  Sr)Mn03  cathodes  [20].  Addi¬ 
tionally,  a  barrier  layer  is  introduced  between  the  LSCF  electrode 
and  YSZ  electrolyte  to  improve  the  stability  of  a  cell  by  enhancing 
the  compatibility  at  the  interface  [21].  A  study  by  Laguna-Bercero 
et  al.  [22]  has  shown  that  LSCF  was  tested  as  an  alternative  revers¬ 
ible  electrode  in  lOSclCeSZ  (scandia  and  ceria  stabilized  zirconia) 
based  cells,  to  assure  good  catalytic  activity  for  oxygen  reduction  in 
fuel  cell  mode  and  oxygen  evolution  in  electrolysis  mode.  It  can  be 
noted  that  LSCF  is  a  good  candidate  as  a  reversible  oxygen  electrode 
using  scandia  stabilized  zirconia  (ScSZ)  based  cells.  Nanocrystalline 
LSCF  powder  has  been  prepared  with  single  perovskite  phase  for 
Ni— YSZ/YSZ/LSCF  cell,  with  high  peak-power  density  [23].  However, 
further  studies  are  required  to  characterize  the  long-term  stability 
of  these  cells.  Jun  Ko  et  al.  [24]  investigated  a  (Lao.6Sro.4)(Coo.2Feo.8) 
03(LSCF)— Yo.o8Zro.920i.96(YSZ)— Gdo.iCeo.g02-5(GDC)  dual  compos¬ 
ite  cathode  for  SOFCs,  which  showed  low  electrode  polarization  and 
high  performance.  The  improvement  of  the  cathodic  performance  is 
contributing  to  the  use  of  LSCF  materials,  which  have  high  electronic 
conductivity  and  ionic  conductivity.  LSCF  cathodes  combined  with 
Ni-YSZ  anodes  and  YSZ  electrolyte  for  SOFCs  have  also  been 
demonstrated  to  exhibit  good  electrochemical  performance,  with 
reduced  cathode  polarization  resistances  [25]. 

Besides  the  demand  for  electricity  generation  under  fuel  cell 
mode,  there  is  growing  interest  in  production  of  hydrogen  from 
water  splitting  through  an  SOEC  26,27].  High  temperature  steam 
and/or  CO2  electrolysis  has  been  developed  and  researched  in  recent 
years  [28,29].  Furthermore,  LSCF  composite  material  can  be 
employed  into  SOECs,  as  well  as  SOFCs  for  oxygen  electrodes.  LSCF- 
GDC  as  an  oxygen  electrode  for  the  Ni-YSZ  hydrogen  electrode- 
supported  electrolysis  cells  was  capable  of  working  reversibly  in 
either  fuel  cell  or  electrolysis  mode  [30].  Use  of  LSCF1982 
(Lao.iSro.gCoo.sFeo^CU-^)  and  LSCF1982-GDC  composite  oxygen 
electrodes  with  GDC  barrier  layer  for  YSZ  electrolyte-based  RSOCs 
has  been  reported  by  Moon-Bong  Choi  et  al.  [21].  It  was  indicated 
that  cells  with  LSCF1982  oxygen  electrodes  exhibited  better  SOFC / 
SOEC  performance  than  those  with  LSCF1982-GDC  composite  ox¬ 
ygen  electrode.  For  co-electrolysis  of  H20  and  CO2  mixture,  LSCF- 
GDC  oxygen  electrodes  showed  lower  overall  degradation,  and  more 
stable  electrochemical  performance  than  LSM-YSZ  electrodes  31  ]. 

Previous  studies  [2,21  ]  on  LSCF  composite  materials  have  sug¬ 
gested  that  the  introduction  of  barrier  layer  between  YSZ  electro¬ 
lyte  and  LSCF  electrode  can  improve  electrochemical  performance 
and  stability  of  SOFCs,  as  well  as  SOECs.  However,  few  researchers 
are  focused  on  the  degradation  mechanism  of  RSOFCs  employing 
LSCF  oxygen  electrode  and  a  barrier  layer.  In  this  study,  the  elec¬ 
trochemical  performance  of  a  hydrogen  electrode-supported  Ni— 
YSZ/YSZ/GDC/LSCF  cell  with  an  LSCF  oxygen  electrode  and  a  GDC 
barrier  layer  was  investigated  under  both  fuel  cell  and  steam 
electrolysis  modes.  Repeated  fuel  cell/steam  electrolysis  cycle  per¬ 
formance  of  the  cell  was  carried  out  as  well  for  evaluating  the  cell 
stability.  Degradation  mechanism  of  the  RSOFC  is  proposed  based 
on  post-test  scanning  electron  microscopy  (SEM)  analysis. 


2.  Experimental 

2.1.  Powder  preparation  LSCF  and  GDC 

LSCF  (Lao.6Sro.4Coo.2Feo.803_<5)  powder  was  synthesized  by  a 
solution  combustion  method.  As  mentioned  in  previous  work 
[23,32],  stoichiometric  amounts  of  La(N03)3*6H20  (analytical  re¬ 
agent  grade,  Beijing  Chemical  Reagent  Company,  China,  the  same 
below),  Sr(N03)2,  Co(N03)2-6H20  and  Fe(N03)3-9H20  were  dis¬ 
solved  into  deionized  water.  After  it  was  stirred  thoroughly,  glycine 
(NH2CH2COOH)  was  then  added  at  a  molar  ratio  of  2.5:1  to  the  total 
metal  ions  to  obtain  precursor  solution,  which  was  subsequently 
heated  and  concentrated  at  80  °C  to  yield  gel.  Further  heating  was 
performed  at  180  °C  to  reach  spontaneous  ignition,  to  obtain  pre¬ 
cursor  powder.  The  as-ignited  powder  was  calcined  in  high- 
temperature  furnace  at  800  °C  for  2  h  in  order  to  eliminate 
carbonaceous  residues  and  to  finally  obtain  LSCF  powder. 

GDC  (Gdo.iCeo.902-,5)  powder  was  prepared  by  co-precipitation 
method  and  characterized  as  described  in  our  previous  work 
[33,34].  Cerium  and  gadolinium  nitrate  pentahydrate  were  used  as 
starting  materials,  and  ammonia  and  hydrogen  peroxide  were 
employed  as  the  precipitants.  The  mixed  salt  solution  was  sprayed 
into  a  double  volume  of  ammonia/hydrogen  peroxide  mixed  solu¬ 
tion  until  pH  ~  8-9,  which  was  then  heated  at  80-90  °C  to  turn  to 
faint  yellow.  The  precursor  was  washed  repeatedly  with  deionized 
water  and  ethanol,  dried,  and  calcined  at  600  °C  for  2  h,  to  finally 
produce  GDC  powder. 

2.2.  Fabrication  of  single  RSOFC 

The  RSOFC  single  cells  investigated  in  the  study  consisted  of  Ni- 
YSZ  hydrogen  electrode  supports,  thin  YSZ  electrolytes,  GDC  barrier 
layers,  and  LSCF  oxygen  electrodes.  The  support  and  electrolyte 
were  fabricated  by  tape  casting  processes,  and  the  barrier  layer  and 
the  oxygen  electrode  were  deposited  on  the  electrolyte  by  screen 
printing  techniques.  Slurry  for  Ni-YSZ  substrate  was  fabricated  by 
ball-milling  powders  of  NiO,  YSZ  (8  mol%  yttria  stabilized  zirconia, 
with  a  median  particle  size  of  0.114  pm)  and  graphite  (Furunda 
Zirconium  Material  Co.  Ltd.,  China)  pore  former  in  a  weight  ratio  of 
50:50:10  with  appropriate  amounts  of  ethanol-butanone  solvent, 
caster  oil  dispersant,  dibutyl  phthalate  (DBP)  plasticizer,  and 
polyvinyl  butyral  (PVB)  binder.  For  YSZ  electrolytes,  the  same 
method  of  slurry  fabrication  as  in  the  case  of  NiO-YSZ  substrates 
was  used  except  that  no  NiO  and  graphite  powders  were  added.  A 
tape  casting  machine  (DR-150,  made  in  Japan)  was  used  for  sepa¬ 
rately  casting  the  NiO-YSZ  layer  and  the  YSZ  electrolyte.  These 
tapes  were  dried  in  air  at  room  temperature  for  12  h.  The  green 
sheet  of  NiO-YSZ  substrate  (~300  pm)  and  the  white  YSZ  elec¬ 
trolyte  (20-30  pm)  were  stacked  together  under  a  vacuum  condi¬ 
tion  and  laminated  at  20  MPa  for  10  min  using  a  thermal  isostatic 
press  (30T  Shanxi,  China)  to  form  a  NiO-YSZ  supported  half-cell. 
The  resulting  laminate  was  punched  to  discs,  and  then  co¬ 
sintered  in  air  at  1300  °C  for  10  h  in  order  to  density  the  electro¬ 
lyte  layer. 

The  ink  slurry  for  the  GDC  barrier  layer  is  composed  of  GDC 
powder,  and  ethyl  cellulose  (binder),  and  terpineol  (solvent).  This 
mixture  was  ball  milled  for  12  h  with  as-prepared  organic  vehicle  in 
a  70:30  weight  ratio  to  the  homogeneous  GDC  slurry.  Thus  the 
obtained  GDC  printing  ink  was  screen-printed  on  the  pre-sintered 
YSZ  electrolyte  by  a  rubber  squeegee.  After  sintering  at  1300  °C  in 
air  for  2  h,  the  resulting  barrier  layer  was  about  10  pm  thick. 

The  procedure  for  printing  the  LSCF  oxygen  electrode  film  was 
similar  to  that  of  printing  the  barrier  layer.  The  ink  slurry  which  was 
composed  of  LSCF  and  an  organic  vehicle  in  a  weight  ratio  of  50:50 
was  screen  printed  on  top  of  the  GDC  barrier  layer.  The  LSCF  layer 
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was  sintered  at  1200  °C  in  air  for  2  h.  Thickness  of  the  LSCF  was  60- 
70  pm. 

2.3.  Cell  characterization  and  electrochemical  measurements 

Single  RSOFC  was  sealed  on  an  alumina  tube  as  described 
elsewhere  [35],  using  ceramic  paste  as  sealant  (Aramco-552,  USA). 
The  area  of  electrolyte  and  hydrogen  electrode  was  about  1.5  cm2, 
the  external  area  of  oxygen  electrode  was  0.2  cm2,  and  Ag  paste  was 
used  as  the  current  collector.  Silver  wires  were  pressed  against  the 
oxygen  electrode  to  obtain  sufficient  electronic  contact  with  both 
electrodes  in  four-wire  set  up.  The  NiO-YSZ  hydrogen  electrode 
substrate  was  in-situ  reduced  in  a  tube  furnace  during  start  up  and 
at  700  °C  for  2  h  in  low- flow- rate  H2  atmosphere,  and  then  the  cell 
was  tested  at  temperatures  from  750  °C  to  850  °C  in  both  fuel  cell 
and  steam  electrolysis  modes.  For  SOFC  testing,  80  seem  flow  rate  of 
humidified  hydrogen  gas  (3%  H2O,  volume  fraction,  the  same 
below)  was  fed  to  the  hydrogen  electrode,  while  the  oxygen  elec¬ 
trode  was  exposed  to  ambient  air.  For  SOEC  operation,  50%  FI20, 
25%  H2  and  25%  Ar  at  a  total  flow  rate  of  150  seem  were  introduced 
into  the  Ni-based  hydrogen  electrode  by  bubbling  hydrogen  and 
argon  through  deionized  water  at  81.5  °C.  Similarly,  the  oxygen 
electrode  was  left  open  to  atmospheric  environment.  Polarization 
curves  and  electrochemical  impedance  spectra  (EIS)  under  open 
circuit  were  measured  using  an  IM6  Electrochemical  Workstation 
(ZAHNER,  Germany).  For  EIS  test,  the  frequency  range  was  from 
100  mFIz  to  100  kFIz  and  the  AC  (alternate  current)  amplitude  was 
20  mV.  For  polarization  measurement,  the  recorded  voltage  range 
was  from  2  V  to  0.3  V.  To  understand  the  operational  stability  of  the 
RSOC  under  SOFC  and  SOEC  modes,  the  variation  of  voltage  with 
time  at  a  constant  current  of  0.3  A  cm-2  was  recorded  at  800  °C 
using  an  Arbin  test  system  (Arbin  MSTAT4).  Microstructures  of  the 
pre/post-test  NiO-YSZ/YSZ/GDC/LSCF  cells  were  investigated  by  a 
scanning  electron  microscope  (SEM,  JEOL,  JSM  6700F).  In  addition, 
the  phase  formation  of  LSCF  powder  and  GDC  powder  was  verified 
by  a  high  power  X-ray  diffractometer  (XRD,  PANalytical  X’Pert  PRO, 
Netherlands)  using  CuKa  radiation. 

3.  Results  and  discussion 

3.1.  Physico-chemical  characterization  of  RSOFCs 


a 

i 

J  J 

Gd0.1Ce0.9°2-6 

A.  A  A  A  A 

_l _ 1 

_ L_l _ 1 _ 1 _ 1 _ l_ 

20  30  40  50  60  70  80  90 


2-theta 


6 

ro 

't/> 

c 

0) 

c 


20  30  40  50  60  70  80 

2-theta 

Fig.  1.  X-ray  diffraction  patterns  of  (a)  GDC  powder  calcined  at  600  °C  and  (b)  LSCF 
powder  prepared  by  sintering  at  800  °C. 
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structure,  but  maintains  good  adhesion  between  the  YSZ  electro¬ 
lyte  layer  and  LSCF  oxygen  electrode.  Thickness  of  the  GDC  barrier 
layer  is  approximately  7—10  pm.  GDC  has  been  reported  to  be  dense 
at  a  sintering  temperature  of  1500  °C  [36] .  By  reducing  the  sintering 
temperature  of  the  GDC  barrier  layer,  the  YSZ  electrolyte  avoids 
high  temperature-induced  larger  grain  formation  [37],  simulta¬ 
neously  ensuring  tight  adherence  with  the  porous  GDC  layer. 


The  XRD  patterns  of  the  Gd0.iCeo.g02_<5  and  Lao.6Sr0.4Coo.2Feo.8 
03_<5  powders  are  shown  in  Fig.  1.  For  reference,  XRD  diffractions  of 
pure  GDC  and  LSCF  powders  are  also  displayed.  The  XRD  profile  in 
Fig.  1(a)  shows  that  all  peaks  match  the  reference  well  and  the  as- 
prepared  GDC  powder  clearly  has  the  diffraction  lines  of  a  cubic 
fluorite  structure.  It  is  obvious  that  high  purity  solid  solution  phase 
of  the  GDC  was  produced.  Thus,  the  diffractions  of  the 
Gd0.iCeo.g02_5  powder  display  highly  crystalline  when  sintered  at 
600  °C.  In  Fig.  1(b),  the  XRD  spectrum  indicates  that  the  synthesized 
LSCF  powder  is  the  perovskite-type  structure  after  calcining  at 
800  °C  for  2  h.  This  demonstrates  that  the  present  solution  com¬ 
bustion  method  yields  Lao.eSro^Coo^Feo.sCU-^  oxide. 

3.2.  SEM  images  of  cross-sectional  view  for  RSOFC 

Typical  cross-sectional  micrographs  of  the  NiO-YSZ/YSZ/GDC/ 
LSCF  RSOFC  and  the  barrier  layer-electrolyte  interface  are  shown  in 
Fig.  2(a)  and  (b),  respectively.  In  Fig.  2(a),  the  YSZ  electrolyte  with 
thickness  of  ~20  pm,  exhibits  a  fully  dense  microstructure  without 
pores  or  cracks.  Both  the  hydrogen  and  oxygen  electrode  layers 
display  a  highly  porous  microstructure,  and  have  the  thickness  of 
~300  pm  and  60—70  pm,  respectively.  As  shown  in  Fig.  2(b),  the 
GDC  barrier  layer  sintered  at  1300  °C  has  a  honeycomb-like 


3.3.  Initial  electrochemical  characterization  under  SOFC  mode 


The  Nernst  equation  (Eq.  (1))  provides  the  theoretical  open 
circuit  voltage  (OCV)  based  on  temperature  and  atmospheric 
conditions. 


c  c  nFi 

£  =  £°-RTln 


!  H20 


Ph2*(P02)V2 
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where  Eo  is  the  standard  electrode  potential,  R  is  the  universal  gas 
constant,  T  is  the  absolute  temperature  (in  Kelvin),  F  is  the  Faraday 
constant,  Ph2  and  Ph20  denote  the  partial  pressure  of  hydrogen  and 
steam,  respectively,  at  the  hydrogen  electrode  side,  and  P02  denotes 
the  partial  pressure  of  oxygen  (0.21  atm)  at  the  oxygen  electrode 
side. 

The  initial  performance  of  the  Ni-YSZ/YSZ/GDC/LSCF  button 
cells  was  evaluated  in  SOFC  mode.  Fig.  3(a)  shows  the  voltage  and 
power  density  vs  current  density  ( V-I  and  P—I)  characteristic 
curves  at  850  °C  to  750  °C,  and  the  measurement  was  programmed 
to  stop  at  a  cell  voltage  below  0.3  V.  The  operating  conditions  were 
97%  H2  and  3%  H20  at  a  flow  rate  of  80  seem  as  a  fuel  feed  and  air  as 
an  oxidant.  The  OCV  of  the  cell  is  1.086  V,  1.093  V,  and  1.102  V  at 
850  °C,  800  °C,  and  750  °C,  respectively.  These  values  are  very  close 
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Fig.  2.  Typical  SEM  images  for  cross-sectional  views  of  (a)  the  freshly  prepared  NiO- 
YSZ/YSZ/GDC/LSCF  cell,  and  (b)  the  NiO/YSZ-GDC  interface. 


to  the  theoretical  OCVs  obtained  from  the  Nernst  equation  (Eq.  (1 )), 
implying  the  YSZ  electrolyte  layer  is  fully  dense  after  sintering  at 
1300  °C  and  there  is  no  leakage  between  the  cell  and  the  alumina 
tube.  It  is  also  shown  that  the  OCVs  of  the  cell  are  increased  with 
decreasing  test  temperature,  which  agrees  well  with  the  Nernst 
equation. 

The  maximum  power  densities  of  the  cell  are  approximately 
486  mW  cm”2, 401  mW  cm"2,  and  296  mW  cm”2  at  850  °C,  800  °C, 
and  750  °C,  respectively.  Leone  et  al.  [25]  have  demonstrated  that 
LSCF  was  really  effective  for  decreasing  the  electrode  activation 
polarization  for  solid  oxide  fuel  cells.  The  cell  shows  the  best  per¬ 
formance  at  850  °C,  since  operation  at  high  temperature  results  in 
low  electrode  polarization  resistance  and  high  electrolyte  con¬ 
ductivity  [38]. 

Fig.  3(b)  shows  the  impedance  spectra  results  of  the  Ni-YSZ/YSZ/ 
GDC/LSCF  cell  under  open  circuit  at  850  °C  to  750  °C.  It  is  observed 
that  the  ohmic  resistance  of  the  cell,  determined  from  the  high- 
frequency  intercept  on  the  real  axis,  was  0.35  Q  cm2,  0.43  Q  cm2 
and  0.56  Q  cm2  at  850  °C,  800  °C,  and  750  °C,  respectively.  These 
ohmic  resistances  are  much  larger  than  those  reported  by  Chen 
et  al.  [39]  and  may  not  be  from  electrolyte  contribution  alone.  In 
addition,  interfacial  resistance,  electrode  resistance,  and  contact 
resistance  are  also  important  contributions.  The  electrode  polari¬ 
zation  resistance  of  the  cell,  determined  from  the  differences  be¬ 
tween  high-  and  low-frequency  intercepts  on  real  axis  of  the 


impedance  spectra,  was  0.87  Q  cm2,  0.96  Q  cm2,  and  1.39  Q  cm2  at 
850  °C,  800  °C,  and  750  °C,  respectively.  For  a  fuel  cell  application, 
the  total  resistances  of  this  cell  operating  at  850  °C-750  °C  are 
large.  Hence,  further  scope  is  remained  in  decreasing  total  re¬ 
sistances  through  optimization  of  fabrication  parameters. 
Compared  to  LSM,  LSCF  material  has  a  higher  vacancy  concentra¬ 
tion  and  better  catalytic  activity  for  oxygen  reduction  during 
cathode  reaction,  resulting  in  lower  electrode  polarization  resis¬ 
tance  [40].  LSCF  has  been  investigated  to  be  a  good  oxygen  elec¬ 
trode  material  in  SOFC,  with  high  catalytic  activity  for  oxygen 
reduction  [21].  Constantin  et  al.  [13]  have  reported  that  a  GDC 
buffer  layer  sandwiched  between  LSCF  and  YSZ  for  SOFCs  blocked 
strontium  diffusion  and  reduced  series  and  polarization  resistance, 
consequently  limiting  the  interface  degradation. 


3.4.  Electrochemical  performance  under  SOEC  mode 

The  electrochemical  performance  of  the  single  cell  with  LSCF  as 
oxygen  electrode  and  GDC  as  barrier  layer  measured  under  SOEC 
mode  at  750  °C-850  °C  is  shown  in  Fig.  4.  50%  H20, 25%  H2  and  25% 
Ar  as  inlet  gas  with  a  total  flow  rate  of  150  seem  was  fed  to  the  Ni / 
YSZ  hydrogen  electrode.  Fig  4(a)  shows  the  typical  voltage  (V) 
versus  current  density  (/)  curves  for  the  Ni-YSZ/YSZ/GDC/LSCF  cell 
recorded  in  steam  electrolysis  mode  starting  from  OCV.  The 
measured  OCVs  are  nearly  the  same  as  the  theoretical  value  pre¬ 
dicted  from  Nernst  equation  (Eq.  (1)).  For  the  V-I  curves,  it  can  be 
observed  that  the  electrolysis  voltage  increases  with  increasing 
current  density.  When  the  temperature  is  increased,  the  slope  of  V— 
I  curves  decreases  and  the  current  density  increases,  which 


Fig.  3.  (a)  Voltage  and  power  density  vs  current  density,  and  (b)  electrochemical 
impedance  spectra  (EIS)  at  open  circuit  at  850  °C-750  °C  for  Ni-YSZ/YSZ/GDC/LSCF 
cell  under  SOFC  mode  operated  with  a  97%  H2  and  3%  H20  mixture  at  80  seem  in  the 
hydrogen  electrode  and  ambient  air  in  the  oxygen  electrode. 
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Fig.  4.  (a)  Voltage  vs  current  density,  and  (b)  electrochemical  impedance  spectra  at 
open  circuit  at  750  °C-850  °C  for  Ni-YSZ/YSZ/GDC/LSCF  cell  under  SOEC  mode 
operated  with  a  50%  H20,  25%  H2  and  25%  Ar  gas  mixture  at  150  seem  in  the  hydrogen 
electrode  and  ambient  air  in  the  oxygen  electrode. 

indicates  lower  electrolysis  voltage  is  required  for  the  hydrogen 
production.  For  example,  for  a  voltage  of  1.3  V,  current  densities  of 
0.30  A  cm-2,  0.47  A  cm-2,  and  0  63  A  cm-2  have  been  measured  at 
750  °C,  800  °C,  and  850  °C,  respectively.  The  improvement  in  the 
hydrogen  production  with  the  increase  in  temperature  could  be 
attributed  to  the  reduction  in  energy  loss  associated  with  the  po¬ 
larization  of  electrode  and  lower  electrolyte  ionic  resistance  [21]. 

Fig.  4(b)  shows  EIS  response  of  the  LSCF-oxygen  electrode  cell 
at  OCV  condition  during  SOEC  operation  at  different  temperatures. 
In  steam  electrolysis  mode,  the  electrode  polarization  resistance  is 
mainly  attributed  to  the  charge  transfer  reaction  at  the  electrode/ 
electrolyte  interface,  the  adsorption/desorption,  and  diffusion  in¬ 
side  the  porous  electrode  [30].  As  shown  in  Fig.  4(b),  ohmic  resis¬ 
tance  of  the  LSCF  electrode-cell  at  OCV  under  SOEC  mode  is 
0.37  Q  cm2,  0.43  Q  cm2,  and  0.58  Q  cm2  at  850  °C,  800  °C,  and 
750  °C,  respectively.  These  ohmic  resistance  values  are  about  the 
same  as  for  fuel  cell  mode.  The  polarization  resistances  of  the  cell 
are  0.19  Q  cm2,  0.26  Q  cm2,  and  0.5  Q  cm2  are  at  850  °C,  800  °C,  and 
750  °C,  respectively.  It  can  be  noted  that  the  difference  in  cell 
performance  in  the  two  modes  is  primarily  due  to  the  different  inlet 
gas  composition  for  the  two  cases.  Choi  et  al.  [21  have  reported 
that  polarization  resistance  for  a  button  cell  with  LSCF1982  oxygen 
electrode  and  GDC  barrier  layer  in  SOEC  mode  was  0.244  Q  cm2, 
nevertheless  the  ohmic  resistance  was  as  low  as  0.049  Q  cm2.  The 
low  ohmic  resistance  is  due  to  small  thickness  of  electrolyte  (6— 
10  pm)  and  the  use  of  NiO-YSZ  functional  layer  between  hydrogen 
electrode  and  electrolyte,  which  increases  the  TPB  (triple  phase 
boundary)  area.  The  comparable  results  have  shown  that  LSCF  can 
be  presented  as  a  good  candidate  for  oxygen  electrodes  for  SOEC 
operation. 


Fig.  5.  Fuel  cell/steam  electrolysis  cycle  of  Ni-YSZ/YSZ/GDC/LSCF  cell  at  300  mA  cm  2 
and  800  °C. 

3.5.  Fuel  cell/steam  electrolysis  cycle 

The  stability  of  LSCF  oxygen  electrodes  and  GDC  barrier  layer  for 
RSOFCs  was  characterized  by  charge/discharge  cycle.  Fig.  5  shows 
repeated  charge/discharge  cycle  performance  (1  h  of  steam  elec¬ 
trolysis  and  1  h  of  fuel  cell  mode  each)  of  the  Ni-YSZ/YSZ/GDC/LSCF 
cell  at  300  mA  cm-2  and  800  °C.  During  13  cycles,  the  discharge 
voltage  was  gradually  decreased  from  0.827  V  to  0.806  V  and  the 
charge  voltage  increased  from  1.122  V  to  1.189  V.  The  corresponding 
voltage  degradation  of  the  cell  is  2.7%  and  5.9%  for  fuel  cell  mode 
and  electrolysis  mode,  respectively.  Only  few  of  the  results  on 
reversible  RSOFC  reported  in  literature  include  repeated  charge/ 
discharge  cycle,  therefore,  it  is  difficult  to  make  a  comparison  of  the 
testing  data  presented  here  with  results  for  a  similar  test.  However, 
in  view  of  the  degradation  of  the  RSOFC  during  repeated  charge/ 
discharge  cycles  for  13  times,  it  is  necessary  to  find  evidence  for 
improvement  of  long-term  durability. 

3.6.  Pre-  and  post-test  microstructure  observation  at  the  GDC/YSZ 
interface 

Fig.  6  shows  the  SEM  images  of  cross-section  of  GDC  barrier 
layer/YSZ  electrolyte  interface  for  the  NiO-YSZ/YSZ/GDC/LSCF  cell 
before  and  after  fuel  cell/steam  electrolysis  cycles  at  300  mA  cm-2 
and  800  °C.  The  YSZ  electrolyte  surface  in  good  contact  with  GDC 
barrier  layer  for  a  freshly  prepared  cell  is  shown  in  Fig.  6(a),  and  this 
can  also  be  indicated  by  Fig.  2(b).  After  discharge/charge  cycles  at 
300  mA  cm-2  and  800  °C  for  13  times,  the  GDC  barrier  layer  was 
found  to  be  delaminated  from  the  YSZ  electrolyte  (Fig.  6(b)). 
Fig.  6(c)  shows  gap  formation  between  the  YSZ  electrolyte  and  GDC 
barrier  layer  in  comparison  with  Fig.  2(b).  The  delamination  may  be 
the  cause  of  cell  deterioration  during  the  repeated  discharge/ 
charge  cycles. 

4.  Conclusions 

An  LSCF  oxygen  electrode  and  a  GDC  barrier  layer  were  devel¬ 
oped  for  preparing  Ni-YSZ/YSZ/GDC/LSCF  RSOFC  cell.  The  elec¬ 
trochemical  performance  of  the  RSOFC  was  investigated  in  both 
fuel  cell  and  steam  electrolysis  modes  using  polarization  curves  and 
electrochemical  impedance  spectroscopy.  In  constant  galvanostatic 
discharge/charge  conditions,  the  cells  had  higher  performance 
degradation  (5.9%)  under  electrolysis  mode  than  under  fuel  cell 
mode  (2.7%).  After  13  repeated  discharge/charge  cycles,  micro¬ 
structure  analysis  of  the  post-test  cell  determined  that  the 
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Fig.  6.  SEM  images  of  cross-section  of  GDC  barrier  layer/YSZ  electrolyte  interface  for 
the  NiO-YSZ/YSZ/GDC/LSCF  cell  (a)  before,  and  (b)  (c)  after  fuel  cell/steam  electrolysis 
cycle  at  300  mA  cm-2  and  800  °C. 


deterioration  was  probably  due  to  delamination  of  the  GDC  barrier 
layer  from  the  YSZ  electrolyte. 
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